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toxin  molecules, 
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nor  did  they  produce  irreversible  changes  in 
When  studied  under  conditions  that  impose  par¬ 
tial  synchrony  oh  the  mechanism  of  clostridial  neurotoxin  action, 
ammonium  chloride  and  methylamine  hydrochloride  did  not  inhibit 
ligand  binding  and  did  not  reverse  neuromuscular  blockade.  The 
drugs  acted  solely  to  antagonize  internalization  of  toxins  by 
cholinergic  nerve  endings.  As  a  result  of  inhibiting  the  process 
of  internalization,  the  drugs  trapped  the  toxins  at  an  antitoxin 
sensitive  site. 

tetanus  toxin,  fragment  B  and  fragment  C  were  assayed 
for  toxicity  on  the  mouse  phrenic  nerve-hemidiaphragm  preparation., 

was  a  potent  blocker  of  neuromuscular  trans¬ 
mission;  fragment  B  possessed  little  toxicity  and  fragment  C  was 
atoxic.  Pretreatment  of  tissues  with  fragment  C  antagonized  the 
neuromuscular  blocking  properties  of  tetanus  toxin,  but  not  those 
f  type  A  botulinum  toxin  or  ?-bungarotoxin .  Fragment  C  exerted 
its  effect  by  competing  with  unbound  toxin  for  receptor  sites  on 
the  nerve  membrahe.  The  fragment  did  not:  i.)  displace  bound 
toxin,  ii.)  inhibit  internalization  of  toxin,'  or  iii.)  inhibit 
intracellular  expression  of  toxicity.  In  assays  on  intact  cells, 
under  conditions  in  which  toxin  binding  was  not  dissociable, 
fragment  C  binding  to  phrenic  nerves  had  an  apparent  KD  of 
v  1 . 4  x  10”7  M.  Mior.ogenates  of  mouse  cerebral  cortex  adsorbed 
tetanus  toxin,  and  these  homogenates  competed  with  phrenic  nerves 
for  unbound  toxi  A*.  ^Homogenized  cortex  did  not  displace  or  promote 
desorption  of  tojiin  already  bound  to  phrenic  nerves.  Homogenates 
of  eel  and  torpedo  electric  organ  were  not  very  effective  in 
adsorbi nc  toxin , 
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5 .  Progress  Report 

A.  Synthetic  antagonists  of  toxins . 

Botulinum  toxin  and  tetanus  toxin  are  potent  pharma¬ 
cological  substances  that  block  the  release  of  acetylcholine  at 
the  cholinergic  neuromuscular  junction  (Burgen  et  al.  ,  1949; 
Brooks,  1956;  Habermann  et  al.,  1980).  No  drug  has  been 
identified  that  reverses  paralysis  caused  by  these  toxins,  but 
several  procedures  have  been  shown  to  delay  onset  of  paralysis., 
For-  example,  lowering  temperature,  decreasing  the  rate  of  nerve 
stimulation,  or  modifying  the  ambient  concentration  of  calcium 
can  slow  the  development  of  toxin-induced  neuromuscular  blockade 
(Burgen  et  al.,  1949;  Thesleff,  1960;  Hughes  and  Whaler,  1962; 
Habermann  et  al.,  1980;  Schmitt  et  al.,  1981).  All  of  these 
procedures  exert  their  effects  wholly  or  in  part  by  altering 
the  probability  of  transmitter  release  (DasGupta  and  Sugiyama, 
1977;  Simpson,  1981), 

The  purpose  of  the  present  report  is  to  introduce  a  new 
class  of  drugs  that  can  antagonize  the  onset  of  paralysis  caused 
by  clostridial  neurotoxins.  These  drugs  include  ammonium  chloride 
and  a  series  of  short  chain  alkylamines,  for  which  methylamine 
hydrochloride  is  a  representative  member.  These  drugs  do  not  act 
by  modifying  the  prooability  of  transmitter  release  from  nerve 
endings;  instead,  they  modify  the  probability  of  toxin  entry  into 
nerve  endings. 

The  proposed  mechanism  of  clostridial  neurotoxin 
action,  using  botulinum  toxin  ( BT )  as  a  prototype,  can  be 
written  as  follows  (Simoscn,  1981): 
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1.  BTq  +  R^  -*  BTq-R^ 

2.  BTq-R!  -  BTi  +  Ri 

3.  BTi  +  R2  -*•  BTj_  -R2 

According  to  this  scheme,  botulinum  toxin  acts  extracellularly 
(BT0)  to  bind  to  a  cell  surface  receptor  (R}).  This  complex 
is  internalized,  after  which  intracellular  toxin  (BT^)  separates 
from  its  membrane  receptor.  The  toxin  then  binds  to  a  second 
receptor  (substrate?;  R2 ) ,  and  the  result  cf  this  interaction  is 
blockade  of  transmitter  release. 

Two  classes  of  drugs  have  been  found  that  antagonize 
the  first  reaction.  Certain  gangliosides  antagonize  the  binding 
of  botulinum  toxin  (Simpson  and  Rapport,  1971;  Kitamura  et  al . , 
1980)  and  tetanus  toxin  (Van  Heyningen  and  Miller,  1961)  to 
nerve  membranes.  Gangliosides  may  be  toxin  receptors,  and  thus 
exogenous  gangliosides  compete  with  membrane  gangliosides  for 
the  binding  moiety  on  clostridial  neurotoxins.  In  addition, 
polypeptides  cleaved  from  native  toxins  antagonize  the  binding 
of  clostridial  neurotoxins  (Kozaki,  1979;  Morris  et  al.,  1980). 
These  polypeptides  are  believed  to  contain  the  fragments  that 
recognize  membrane  receptors,  so  the  polypeptides  compete  with 
toxins  for  tissue  binding  sites. 

The  present  study  describes  a  class  of  drugs  that 
antagonize  the  second  reaction.  There  are  a  number  of  pharm¬ 
acologically  active  substances  that  must  be  internalized  by 
target  cehs  to  exert  their  effects  (Neville  and  Chang,  1  978). 

In  addition,  ‘here  are  drugs  that  are  known  to  delay  the  onset 
of  ef  fee-  of  •’hose  internalized  substances.  The  drugs  that 
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have  been  most  carefully  studied  are  chloroquine,  ammonium 
chloride  and  methylamine  hydrochloride  (DeDuve  et  al.,  1974; 
Goldstein  et  al.,  1979;  Pasten  and  Willingham,  1981).  In  a 
recent  study,  chloroquine  was  shown  to  delay  the  onset  of 
neuromuscular  blockade  caused  by  botulinum  toxin  (Simpson, 

1982).  However,  there  are  two  limitations  associated  with  the 
use  of  this  drug.  Chloroquine  is  itself  a  neuromuscular  blocking 
agent,  and  this  complicates  its  use  as  a  botulinum  toxin 
antagonist.  Furthermore,  chloroquine  antagonizes  only  botulinum 
toxin;  at  usable  concentrations  it  is  not  an  antagonist  of 
tetanus  toxin.  The  present  study  was  done  to  determine  whether 
ammonium  chloride  and  methylamine  hydrochloride  could  antagonize 
botulinum  toxin  without  themselves  causing  neuromuscular 
blockade.  Beyond  this,  it  was  of  interest  to  determine  whether 
the  drugs  could  antagonize  tetanus  toxin. 

It  has  been  found  that  both  ammonium  chloride  and 
methylamine  hydrochloride  produce  concentration-dependent 
antagonism  of  the  onset  of  paralysis  caused  by  botulinum  toxin 
and  tetanus  toxin,  but  they  do  not  antagonize  other  presynaptic 
toxins  such  as  3-bu nga rotox i n  or  taipoxin.  The  concentrations 
of  ammonium  cnloride  and  methylamine  hydrochloride  that  antagonivr 
clostridial  neuratoxins  are  equivalent  to  those  that  produce 
antagonism  of  other  protein  toxins  (e.g.,  Kim  and  Groman,  1965; 
Ivins  et  al.,  1975),  yet  they  are  lower  than  those  that  produce 
neuromuscular  blockade. 

Ammonium  chloride  and  methylamine  hydrochloride  do 
not  act  by  inhibiting  tile  binding  of  clostridial  neurotoxins  to 
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membrane  receptors.  When  studied  under  conditions  that  permit 
toxin  binding  but  which  delay  events  after  binding,  neither 
ammonium  chloride  nor  methylamine  hydrochloride  antagonized 
onset  of  neuromuscular  blockade.  Similarly,  when  studied  under 
conditions  in  which  binding  and  translocation  had  already  gone 
to  completion,  the  drugs  once  again  lacked  antagonistic  activity. 
Ammonium  chloride  and  methylamine  hydrochloride  exerted  their 
protective  effects  only  when  they  were  present  during  the 
process  of  translocation. 

Experiments  with  botulinum  antitoxin  support  the  con¬ 
cept  that  ammonium  chloride  and  methylamine  hydrochloride  affect 
the  process  of  internalization.  When  control  tissues  were  ex¬ 
posed  to  botulinum  toxin  at  a  physiological  temperature,  the  toxin 
disappeared  from  the  neutralizing  effects  of  antitoxin  within  30 
to'40  minutes.  However,  when  tissues  were  treated  with  ammonium 
chloride  or  methylamine  hydrochloride  and  then  exposed  to 
botulinum  toxin,  the  toxin  did  not  completely  disappear  from 
accessibility  to  antitoxin  for  80  to  90  minutes.  The  most 
plausible  explanation  for  these  data  is  that  clostridial  neuro¬ 
toxins  must  be  internalized  to  exert  their  neuroparalytic  effects, 
and  ammonium  chloride  and  methylamine  hydrochloride  act  to 
inhibit  the  process  of  translocation. 

There  are  two  aspects  of  the  data  that  deserve  comment. 
The  fact  that  ammonium  chloride  3nd  methylamine  iiydrochlor ide 
antagonize  botulinum  toxin  and  tetanus  toxin  means  they  are 
unique  drugs.  They  are  among  the  first  substances  to  be  de¬ 
scribed  that  antagonize  more  than  one  class  of  presynaptic 
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toxin,  and  which  do  so  oy  a  mechanism  other  than  altering  the 
probability  of  transmitter  release.  In  a  somewhat  different 
vein,  there  are  many  cell  types  that  internalize  ligands  by  the 
process  of  receptor  mediated  endocytosis,  and  whose  mechanisms 
of  endocytosis  are  vulnerable  to  the  pharmacological  actions  of 
ammonium  chloride  and  methylamine  hydrochloride  (Pastan  and 
Willingham,  1981).  The  present  study  is  the  first  to  provide 
evidence  chat  cholinergic  nerve  endings  have  a  mechanism  for 
endocytosis  that  is  vulnerable  to  ammonium  chloride  and  methyl- 
amine  hydrochloride. 

B.  The  binding  f raqment  of  tetanus  toxin  versus 
native  tetanus  toxin. 

Tetanus  toxin  is  an  unusually  potent  substance  that 
acts  presynaptically  to  block  neurotransmitter  release  (Bizzini, 
1979;  Wellhoner,  1982).  In  the  central  nervous  system,  the 
toxin  acts  at  various  sites  to  prevent  release  of  gama-amino- 
butyric  acid,  glycine,  norepinephrine  and  acetylcholine 
(Osborne  and  Bradford,  1973;  Bigalke  et  al. ,  1981).  In  the 
peripheral  nervous  system,  the  toxin  acts  at  postganglionic 
parasympathetic  sites  and  at  the  neuromuscular  junction  to 
prevent  release  of  acetylcholine  (Ambache  et  al.,  1948; 

Bigalke  and  Habermann,  198U;  see  Habermann  et  al.,  1980,  for 
references  on  neuromuscular  transmission). 

The  precise  mechanism  by  which  the  toxin  inhibits 
.transmitter  release  has  not  seen  fully  determined.  However, 
studies  on  the  neu romuscu lar  junction  suggest  that  toxin- 
inciuced  blockade  involves  a  sequence  of  three  reactions 
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(Schmitt  et  al.,  1981).  There  is  an  extracellular  binding 
step,  an  internalization  step,  and  an  intracellular  lytic: 


step. 

The  three  reactions  that  account  for  the  pharmaco¬ 
logical  effects  of  tetanus  toxin  can  be  related  to  three 
functional  domains  within  the  toxin  molecule.  Tetanus  toxin 
is  a  150,000  dalton  protein  that  is  composed  of  two  polypeptide 
chains  (heavy  chain  100,000  daltons;  light  chain  50,000 
daltons)  that  are  linked  by  a  disulfide  bond  (DasGupta  and 
Sugiyama,  1977;  Bizzini,  1979;  Wellhoner,  1982;  Robinson  and 
Nash,  1982).  The  heavy  chain  mediates  both  receptor  binding 
and  internalization.  More  precisely,  the  50,000  dalton 
carboxy-terminus  of  the  heavy  chain  (fragment  C)  binds  with 
high  affinity  to  receptors  in  nerve  tissue  (Morris  et  al.  , 

198G;  Goldberg  et  al.,  1931),  and  the  50,000  dalton  amino- 
terminus  of  the  heavy  chain  forms  channels  in  membranes 
(Roquet  and  Duflot,  1982).  The, light  chain  acts  in tracel lu lar ly 
to  block  transmitter  release,  but  the  nature  of  the  lytic 
step  is  unknown. 

Studies  on  the  binding  of  tetanus  toxin  and  fragment  . 
C  to  nerve  tissue  have  been  done  mainly  on  broken  cell  prepara¬ 
tions  from  the  central,  nervous  system  (Morris  et  al.,  1980; 
Goldberg  et  al.,  1981;  Roger  and  Snyder,  1981).  These  studies 
have  shown  that  native  toxin  and  fragment  C  compete  for  the 
same  receptor,  and  thus  fragment  C  can  occlude  binding  of  the 
parent  molecule.  The  purpose  of  the  present  report  is  to 
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extend  these  findings  to  an  intact  cell  preparation. 
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are  presented  which  show  that  fragment  C  binds  to  the  isolated 
phrenic  nerve-hemidiaphragm  preparation,  and  in  doing  so  it 
antagonizes  the  neuromuscular  blocking  actions  of  native 
tetanus  toxin. 

In  accordance  with  earlier  1  f indings  (see  Habermann 
et  al.,  1980,  for  brief  review),  tetanus  toxin  was  shown'  to 
block  neuromuscular  transmission.  Fragment  C  was  devoid 
of  toxicity,  but  fragi.ent  B  was  weakly  toxic.  Helting  et  al. 
^1978,,  who  used  an  in  vivo  assay,  have  also  presented  evidence 
that  fragment  B  is  weakly  toxic.  These  findings  suggest  that 
fragment  3  should  be  purified  to  homogeneity  and  then  tested  1 
for  activity  on  isolated  neuromuscular  preparations.  Such 
work  would  clarify  whether  neurotoxicity  associated  with 
fragment  6  is  real  (i.e.,  due  to  the  fragment  itself)  or  only 
apparent  (i.e.,  due  to  trace  contamination  with  tetanus  toxin). 

Although  fragment  C  did  not  possess  toxicity,  it  did 
antagonize  the  neuromuscular  blocking  properties  of  tetanus 
toxin.  This  represents  the  first  report  that  an  atoxic 
fragment  of  a  clostridial  neurotoxin  is  capable  of  antagonizing 
the  actions  of  a  native  toxin. 

The  ability  of  fragment  C  to  antagonize  the  parent 
molecule  was  specific,  as  judged  by  two  lines  of  evidence. 
Firstly,  fragment  C  antagonized  only  tetanus  toxin;  it  did 
not  antagonize  other  presynaptic  toxins  such  as  botulinum 
toxin  type  A  or  £-bungarotoxin.  Secondly,  binding  fragments 
that  antagonize  other  toxins,  such  as  cholera  toxin  (e.g.,  cs 
subunit)  ana  aiphtheria  toxin  (e.g.,  CRMjyj),  did  not 
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antagonize  tetanus  toxin,  nor  did  they  alter  the  effects  of 
fragment  C. 

The  interaction  between  fragment  C  and  tetanus  toxin 
appeared  to  involve  the  cell  surface  receptor.  This  conclusion 
is  supported  by  the  finding  that  fragment  C  antagonized  unbound 
toxin,  but  it  did  not  antagonize  bound  toxin.  The  latter 
resu]t  indicates  that,  under  the  conditions  used  in  the  present 
study,  fragment  C  did  not  displace  bound  toxin. 

Experiments  with  tissue  homogenates  confirmed  the 
observatio  that  tetanus  toxin  was  tightly  bouhd.  Homogenates 
of  cerebral  cortex  adsorbed  toxin  from  solution,  and  these 
homogenates  competed  with  phrenic  nerves  for  toxin  in  solution. 
However,  homogenates  of  cortex  did  not  promote  desorption  of 
.toxin  already  bound  to  the  phrenic  nerve. 

Relative  to  cerebral  cortical  tissue,  eel  and  torpedo 
electric  tissue  did  not  adsorb  much,  toxin.  The  failure  of 
electric  tissue  to  bind  substantial  amounts  of  tetanus  toxin 
could  mean  the  tissue  has  relatively  few  toxin  receptors. 

Several  groups  have  proposed  that  gangliosides  are  receptors 
for  tetanus  toxin  (van  Heyningon,  1974;  Helting  et  al.,  1977; 
Bizzini,  197b;  Morris  et  al.,  1980;  Goldberg  et  al.,  1981; 

Rogers  and  Snyder,  1981;  but  see  Yavin  et  al.,  1981).  Interest¬ 
ingly,  there  are  no  reports  on  the  ganglioside  composition  of 
synaptic  membranes  from  electric  organs.  It  would  be  worthwile 
to  assay  these  tissues  for  ya ng 1 ios i des ,  and  then  to  relate 
ganglioside  content  to  toxin  adsorbing  ability. 

As  discussed  tnus  far,  the  data  suggest  that  fragment 


C  binds  to  phrenic  nerves,  competes  with  tetanus  toxin  for  its 
receptors,  but  does  not  compete  with  other  toxins  for  their 
receptors.  The  data  do  not,  however,  answer  one  especially 
important  question:  What  is  the  nature  of  the  receptor  for 
which  fragment  C  and  tetanus  toxin  compete?  There  are  no 
published  data  that  permit  one  to  decide  whether  the  tetanus 
toxin  receptor  in  brain  is  the  same  as  the  tetanus  toxin 
receptor  in  peripheral  nerve.  In  addition,  there  is  no  basis 
on  which  to  decide  whether  the  peripheral  receptor  mediating 
toxin-induced  spastic  paralysis  is  the  same  a3  that  mediating 
toxin-induced  flaccid  paralysis. 

The  identity  or  non-identity  of  putative  receptors 
can  be  determined  by  comparing  their  respective  pharmacological 
properties.  An  ideal  approach  woi.  Id  be  to  compare  the  ability,, 
of  a  series  of  drugs  to  inhibit  tixin  binding  at  one  receptor 
site  with  the  ability  of  these  same  drugs  to  inhibit  binding 
at  another  receptor  site.  Unfortunately,  no  drugs  have  been 
found  that  have  high  affinity  for  any  tetanus  toxin  receptor, 
so  this  approach  for  comparing  rt  eptors  cannot  as  yet  be 
pursued. 


An  alternative  is  to  determine  the  apparent  Kp 
describing  the  binding  of  tetanus  toxin  or  fragment  C  to 
central  and  peripheral  receptors,  and  then  to  compare  these 
kinetic  constants.  Goldberg  et  al.  (1981)  and  Kogers  and 
Snyier  ( 1 9  8  i  )  have  reported  that  tetanus  toxin  and  fragment  C 
bind  to  brain  tissue  with  a  kg  in  the  nanomolar  ran  je .  This 
is  muon  1  owe r  than  the  apparent  K.j  obtained  in  t. nv  present 
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study,  which  was  1.4  x  10“^  M.  However,  the  methods  used 
were  substantially  different.  Goldberg  et  al.  (1981)  did 
direct  binding  assays  on  non-functioning  cells  under  conditions 
in  which  ligand  binding  was  dissociable.  The  present  study 
did  indirect  assays  on  functioning  cells  undar  conditions  in 
which  ligand  binding  was  not  dissociable.  The  marked  differ¬ 
ence  in  Kd  values  is  probably  a  reflection  of  the  difference 
in  techniques  used  to  generate  the  values. 

Efforts  are  underway  to  study  the  binding  of  tetanus 
toxin  to  central  and  peripheral  tissues  under  comparable  con¬ 
ditions.  However,  it  must  be  acknowledged  that  this  will  be 
difficult.  There  are  relatively  few  problems  associated  with 
the  experimental  use  of  functioning  peripheral  nerves,  but 
there  are  numerous  problems  associated  with  the  use  of 
functioning  brain  cells  (see  Collingridge  and  Davies,  1982). 
Conversely,  many  techniques  have  been  described  for  isolating 
synaptic  membranes  from  central  nerves,  but  no  techniques 
have  been  described  for  isolating  workable  quantities  of 
synaptic  membranes  from  phrenic  nerves.  These  matters  make 
it  clear  that  studying  the  central  and  peripheral  actions  of 
tetanus  toxin  under  strictly  comparable  conditions  will  not  oe 
easy. 


C .  The  b l n d i n q  t  raqment  of  tetanus  toxin,  versus 
' ::>i t  uj  1  nun  toxin  . 

Tne  tact  that  botulinun  toxin  and  tetanus  toxin  are 
similar  in  their  respective  structures  and  pharmacological 
activities  S'i;  ;<*sts  that  experiments  should  :>e  gone  t  5  deter- 
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mine  whether  they  share  a  common  receptor,  a  common  mechanism 
for  internalization,  or  a  common  intracellular  substrate. 

The  present  report  examines  the  first  of  these  three  possi¬ 
bilities.  Data  are  presented  which  suggest  that  certain 
botulinum  toxins  and  tetanus  toxin  recognize  similar  membrane 
determinants. 

Several  groups  have  shown  that  clostridial  neuro¬ 
toxins  bind  with  high  affinity  to  receptors  in  brain.  The 
heavy  chain  of  botulinum  toxin  competes  with  its  parent  mole¬ 
cule  for  binding  sites  (Kozaki,  1979;  Williams  et  al.,  1983), 
ana  the  heavy  chain  of  tetanus  toxin  competes  with  its  parent 
molecule  for  binding  sites  (Morris  et  al.,  1980;  Goldberg  et 
al.,  1981).  In  contrast  to  work  on  the  central  nervous  system, 
work  on  the  neuromuscular  junction  has  not  demonstrated  directly 
that  there  are  high  affinity  binding  sites  for  botulinum  toxin 
or  tetanus  toxin.  In  fact,  high  affinity  binding  sites  have 
not  been  demonstrated  directly  for  any  toxin  that  acts  pre- 
synaptically  at  the  neuromuscular  junction  (e.g.,  6-bungaro- 
toxin,  taipoxin,  notexin,  etc.)  The  relatively  small  number 
of  nerve  cells,  combined  with  the  presumed  Small  number  of  1 
binding  sites,  has  post’d  serious  methodological  problems. 
However,  work  described  in  the  previous  section  has  provided 
indirect  evidence  for  specific  binding  sites  for  tetanus  toxin. 
It  was  shown  that  the  binding  fragment  from  tetanus  toxin  did 
not  block  neuromuscular  transmission,  but  the  fragment  did 
antagonize  the  ability  of  native  tetanus  toxin  to  block  neuro¬ 
muscular  transmission. 


The  techniques  that  were  used  to  study  tetanus  toxin 


have  now  been  used  to  study  botulinum  toxin.  The  data  indi 
that  at  the  same  concentration  at  which  the  binding  fragmen 
antagonizes  tetanus  toxin,  the  fragment  also  antagonizes  ne 
toxin  types  C  and  E. 

In  a  series  of  preliminary  experiments,  the  bindi 
fragment  of  tetanus  toxin  was  examined  for  its  ability  to 
antagonize  each  of  the  seven  botulinum  neurotoxins.  The 
fragment  did  not  produce  detectable  antagonism  of  five  of  t 
neurotoxins  (types  A,  B,  D,  F  and  G).  In  relation  to  this 
apparent  absence  of  antagonism,  two  points  should  be  made. 
Firstly,  the  technique  used  to  detect  antagonism  was,  in  es 
a  bioassay  (paralysis  of  hemidiaphragm) ,  and  this  technique 
not  as  sensitive  as  radioreceptor  binding  assays.  This  mea 
there  could  have  been  antagonism  of  binding  that  tell  belowj 
limits  of  detection  by  bioassay.  Secondly,  the  concentrati 
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of  binding  fragment  that  was  tested  was  within  the  range  of 
that  which  antagonizes  tetanus  toxin.  Perhaps  higher  concen¬ 
trations  would  have  antagonized  all  botulinum  neurotoxins,  but 
these  concentrations  are  above  the  range  (>  10~6  M)  of  authentic 
pharmacological  interest. 

The  interaction  between  the  binding  fragment  of 
tetanus  toxin  and  ootulinum  toxin  type  C  was  studied  in  some 
detail,  and  the  results  support  two  major  conclusions:  i.) 

the  pharmacological  actions  of  toxins  and  bindiny  fragment  were 
due  to  homogeneous  preparations  of  protein  that  were  free  of 
5  lyn:  f  leant  contamm  <*•  ion,  md  ii.)  the  antagonism  of  x  :•  < ns 


produced  by  binding  fragment  occurred  at  the  level  of  the 
cell  membrane. 

Host  pharmacological  experiments  with  clostridial 
neurotoxins  are  not  done  with  purified  material.  More  typi¬ 
cally,  experiments  are  done  with  crystalline  type  A  toxin, 
which  is  an  aggregate  of  neurotoxin  and  hemagglutinin,  or  with 
impure  preparations  obtained  from  culture  supernatants.  In 
the  present  study,  impure  preparations  were  used  to  screen 
toxins  that  would  interact  with  binding  fragment,  but  a  pure 
preparation  of  botulinum  neurotoxin  was  used  for  subsequent 
experiments.  Thus,  type  C  botulinum  toxin,  as  well  as  tetanus 
toxin  and  binding  fragment  from  tetanus  toxin,  were  all  reasonably 
homogeneous,  as  judged  by  HPLC. 

Evidence  was  also  obtained  to  show  that  the  binding 
fragment  rather  than  any  contaminant  was  responsible  for 
antagonism  of  neurotoxins.  Both  the  fragment  and  pharmacological 
activity  eluted  from  G-25  columns  at  the  void  volume,  indicating 
that  salts  and  small  molecular  weight  compounds  were  not 
involved.  The  fragment  and  pharmacological  activity  were 
retained  during  dialysis  {molecular  weight  cutoff  =  25,000), 
indicating  that  compounds  of  intermediate  molecular  weight  were 
not  involved.  And  finally,  HPLC  studies  revealed  that  the  only 
large  molecule  present  in  the  binding  fragment  solution  was  the 
f  r ayme  ntitself.  . 

The  data  indicate  that  bindiny  fragment  and  botulinum 
neurotoxin  interact  at  the  level  of  the  cell  membrane.  For 


ixamjle,  tissues  were  incubated  with  proteins  under  conditions 


(low  temperature;  no  nerve  stimulation)  that  allowed  binding  to 
go  to  completion  but  which  retard  internalization  (cf.  Simpson, 
1980;  Schmitt,  1981).  Under  these  conditions,  the  binding 
fragment  antagonized  type  C  neurotoxin  if  it  was  added  before 
the  toxin  but  not  if  it  was  added  after  toxin.  When  viewed 
in  the  context' that  binding  fragment  did  not  inactivate  the 
toxin  moleoule ,  the  data  strongly  indicate  competition  for  a 
membrane  binding  site. 

Although  the  data  suggest  interaction  at  the  level 
of  the  cell  membrane,  they  do  not  necessarily  imply  interaction 
at  the  toxin  receptor(s).  Three  possible  explanations  must  be 
considered:  i.)  the  receptor  for  tetanus  toxin  is  the  same  as 

that  for  type  C  and/or  type  E  botulinum  toxin,  ii.)  the  receptor 
for  tetanus  toxin  is  similar  to  but  not  identical  with  those 
for  botulinum  toxins,  or  iii.)  tetanus  toxin  and  botulinum 
toxin  interact  with  a  common  molecule  other  than  the  receptor, 
such  as  a  molecule  that  promotes  internalization. 

There  is  as  yet  no  basis  for  deciding  which  of  these 
possibilities  is  more  likely.  However ,  there  is  a  line. of 
investigation  that  may  yield  helpful  answers.  Van  Heyningen 
and  his  associates  have  shown  that  tetanus  toxin  binds  to 
gangliosides  (Van  Heyningen,  1959;  Van  Heyningen  ana  Miller, 
1961),  and  the  finding  has  been  reproduced  (Morris  et  al  .  , 

1980;  Rogers  and  Synder,  1981).  Similarly,  Simpson  and 
Rapport  (1971)  showed  the4-.  botulinum  toxin  binds  to  ganglio¬ 
sides,  and  their  findings  have  also  been  confirmed  (Kitamura 
e "  al.,  1980).  In  all  cases,  *:oxin  binding  to  gangliosides, 
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which  are  naturally  occurring  constituents  of  nerve  membranes, 
inactivated  the  toxins.  It  has  been  proposed  that  gangliosides 
or  sialoglycoproteins  could  be  toxin  receptors,  or  they  could 
be  molecules  that  mediate  internalization.  Conceivable,  a 
determination  of  the  role  played  by  sialic  acid  containing 
molecules  would  help  resolve  the  mechanism  by  which  the  binding 
fragmf.it  of  tetanus  toxin  antagonizes  botulinum  toxin. 


6.  Literature  Cited 


Ambac'he  ,  N.,  Morgan,  R.  S .  and  Wright,  G.P.:  The  action  of  tetanus 
toxin  on  the  rabbit's  iris.  J.  Physiol.  (Lond.)  107:45-53, 
1948. 

Bigalke,  H.  and  Haberman,  E. :  Blockade  by  tetanus  and  botu¬ 
linum  A  toxin  of  postganglionic  cholinergic  nerve  endings 
in  the  myenteric  plexus.  Naunyn-Schm iedeberg ' s  Arch. 

Pharmacol.  312:255-263,  1980. 

Bigalke,  H.,  Heller,  I.,  Bizzini,  B.  and  Habermann,  E. : 

Tetanus  toxin  and  botulinum  A  toxin  inhibit  release  and 
uptake  of  various  transmitters  as  studied  with  particulate 
preparations  from  rat  brain  and  spinal  cord.  Naunyn- 
Schm  iedeberg ' s  ■  Arch .  Pharmacol.  316  :  244-251  ,  1981  . 

Bizzini  ,  8 . : .  Propert ies  of  the  binding  to  gangliosides  and 
synaptosomes  of  a  fragment  of  the  tetanus  toxin  molecule. 
Toxicon  Suppl.  1:961-969,  1978. 

Bizzini,  B.:  Tetanus  toxin.  Microbiol.  Rev.  43:224-240,  1979. 

Boquet,  P.  and  Cuflot,  E.:  Tetanus  toxin  fragment  forms  chan¬ 
nels  in  lipid  vesicles  at  low  pH.  Proc  .  Natl.  Acad.  Sci. 

(USA)  79:7614-7618,  1982. 

Brooks,  V.B.:  An  intracellular  study. of  the  action  of  repeti-  , 
five  nerve  volleys  and  of  botulinum  toxin  on  minature  end- 
plate  potentials.  J.  Pnvsiol.  (Lond.)  134:264-277,  1956. 

Bulbring,  £.:  Observations  on  the  isolated  phrenic  nerve 
diaphragm  preparation  of  the  rat.  Br.  J.  Pharmacol . 

Chemother.  1:38-61,  1946. 


-20- 


Burg  en ,  A.S.V.,  Dickens,  F.  and  Zatman,  L.J.:  The  action  of 
botulinum  toxin  on  the  neuromuscular  junction.  J.  Physiol. 
(Lond.)  109:10-24,  1949. 

Coll ingridge ,  G.L.  and  Davies,  J.  :  The  in  vitro  inhibition  of 
GABA  release  by  tetanus  toxin.  Neuropharmacol .  21:851-855, 
1982. 

DasGupta,  B.R. ,  Boroff,  D.A.  and  Rothstein,  E. :  Chromato¬ 
graphic  fractionation  of  the  crystalline  toxin  of  Clostri¬ 
dium  botulinum  type  A.  Biochem.  Biophys.  Res.  Commun. 
22:750-756,  1966. 

DasGupta,  B.R.  and  Sugiyama,  H. :  Biochemistry  and  pharmacology 
of  botulinum  and  tetanus  neurotoxins.  In:  Perspectives  in 
Toxinology ,  A.W.  Bernheimer  (ed.),  pps.  87-119,  Wiley, 

New  York,  1977. 

DasGupta,  B.R.  and  Sugiyama,  H. :  Inhibition  of  Clostridium 
botulinum  types  A  and  B  hemagglutinins  by  sugars.  Can.  J. 
Microbiol.  23:1257-1260,  1977. 

DeDuve,  C. ,  DeBarsy,  T. ,  Poole,  B.,  Trouet,  A.,  Tulkens,  P. 
and  Van  Hoof,  F. :  Lysosomotropic  agents.  Biochem.  Pharmacol. 
23:2495-2531,  1974. 

Gage,  P.W.  and  Hubbard,  J.I.:  The  origin  of  post-tetanic 
hyperpolarization  in  mammalian  motor  nerve  terminals.  J. 
Physiol.  (Lond.)  134:335-352,  1966. 

Goldberg,  R.L.,  Costa,  T. ,  Habig,  W.H.,  Kohn ,  L.D  .  and 
Hardegree,  M.C.:  Characterization  of  fragment  C  and 
tetanus  toxin  binding  to  rat  brain  membranes.  Molec. 

Pharmacol.  20:565-570,  1981. 

Goldstein,  J.L.,  Anderson,  R.G.W.  and  Brown,  M.S.:  Coated 
pits,  coated  'vesicles ,  and  receptor-mediated  endocytosis. 
Nature  (Lond.)  279:679-685,  1979. 

Habermann,  E. ,  Dreyer,  F.  and  Bigalke,  H. :  Tetanus  toxin 
blocks  the  neuromuscular  transmission  in  vitro  like  botu¬ 
linum  A  toxin.  Naunvn-Schm iedeberg ' s  Arch.  Pharmacol. 
311:33-40,  1980. 

Helting,  T.  ,  Zwisler,  0.  and  Wiegandt,  H.:  Structure  of 
tetanus  toxin.  J.  Biol.  Chem.  252:194-198,  1977. 

Helting,  T.B.  Ronneberger,  H . -J . ,  Vollerthun,  R.  and  Neubaur, 

V.:  Toxicity  of  papain-digested  tetanus  toxin.  J.  Biol. 

Chem.  253 : 125-129  ,’  1978  . 

Holmgren,  J.  :  Cholera  kox  in  and  the  cell  membrane.  In:  Bacterial 
Toxins  and  Cell  Membranes ,  J.  Jeljaszewicz  and  T.  Wadstrom 
(eds.)  pps.  333-366,  Academic  Press,  London,  1978, 


-21- 


Hughes,  R.  and  Whaler,  B.C.:  Influence  Of  nerve-ending  activity 
and  of  drugs  on  the  rate  of  paralysis  of  rat  diaphragm  prepa¬ 
rations  by  Clostridium  botulinum  type  A  toxin.  J.  Physiol. 
(Lond.)  160:221-233,  1962. 

Irvins,  B.  ,  Saelinger,  C.B.,  Bonventre ,  P.  and  Woscinski,  C.  : 
Chemical  modulation  of  diphtheria  toxin  action  on  cultured 
mammalian  cells.  Infect.  Immun.  11:665-674,  1975, 

Ittelson,  T.R.  and  Gill,  D.M.:  Diphtheria  toxin:  Specific 
competition  for  cell  receptors.  Nature  242:330-332,  1973. 

Kim,  K.  and  Groman,  N.B.:  In  vitro  inhibition  of  diphtheria 
toxin  action  by  ammonium  salts'  and  amines.  J.  Bacteriol. 
90:1552-1556,  1965. 

Kitamura,  M. ,  Iwamori,  M.  and  Nagai,  Y.:  Interaction  between 
Clostridium  botulinum  neurotoxin  and  gangliosides.  Biochim. 
Biophys.  Acta  628:328-335,  1980. 

Kozaki,  S.:  Interaction  of  botulinum  type  A,  B  and  E  deriva- . 
tive  toxins  with  synaptosomes  of  rat  brain.  Naunyn-Schmiede- 
berg’s  Arch.  Pharmacol.  308:67-70,  1979. 

Liley,  A.W. :  An  investigation  of  spontaneous  activity  at  the 
neuromuscular  junction  of  the  rat.  J.  Physiol.  (Lond.) 
132:650-666,  1956. 

Middlebrook,  J.L.  Dorland,  R.M.  and  Leppla,  S.H. :  Associa¬ 
tion  of  diphtheria  toxin  with  Vero  cells.  Demonstration 
of  a  receptor.  J.  Biol.  Chern.  253:7325-7330,  1978. 

Moberg,  L.J.  and  Sugiyama,  H. :  Affinity  chromatography  puri¬ 
fication  of  type  A  botulinum  neurotoxin  from  crystalline 
toxin  complex.  Appl.  Environ.  Microbiol.  35:878-880,  1978. 

Morris,  N.P.,  Consiglio,  E. ,  Kohn ,  L.D.,  Habig,  W.H., 

Hardegree,  M.C.  and  Belting,  T.3.:  Interaction  of  fragments 
B  and  C  of  tetanus  toxin  with  neural  and  thyroid  membranes 
and  with  gangliosides.  J.  Biol.  Chem.  255:6071-6076,  1980.  - 

Mess,  J.  and  Vaughn,  M. :  Activation  of  adenylate  cyclase  by 
choleragen.  Ann.  Rev.  Biochem.  48:581-600,  1979. 

Neville,  D.M.  and  Chang,  T.M.:  Receptor-mediated  protein 

transport  into  cells.  Entry  mechanisms  for  toxins,  hormones, 
antibodies,  viruses,  lysosomal  hydrolases,  asialoglycopro¬ 
teins,  and  carrier  proteins.  Curr.  Top.  Memb.  Transo.  10: 
65-150,  1978. 

Ohishi,  I.  and  Sakaguchi  ,  G.:  Oral  toxicities  of  Clostridium 
botulinum  type  C  and  D  toxins  of  different  molecular  sizes. 
Infect.  Immun.  28:303-309  ,  1980  . 


-22- 


Osborne,  R.H.  and  Bradford,  H.F.:  Tetanus  toxin  inhibits 
amino  acid  release  from  nerve  endings  in  vitro.  Nature 
(Lond.)  244:157-158,  1973. 

Pastan,  I.H.  and  Willingham,  M.C. :  Receptor-mediated  endo- 
cytosis  of  hormones  in  cultured  cells.  Annu.  Rev.  Physiol. 
43:239-250,  1981. 

Robinson,  J.P.  and  Nash,  J.H.:  A  review  of  the  molecular 
structure  of  tetanus  toxin.  Molec.  Cell.  Biochem.  48: 

33-44,  1982. 

Rogers,  T.B'.  and  Snyder,  S.H.:  High  affinity  binding  of 

tetanus  toxin  to  mammalian  brain  membranes.  J.  Biol.  Chem. 
256:2402-2407,  1981. 

Schild,  H.O. :  Drug  antagonism  and  pAx.  Pharuac.  Rev.  9:242- 
246,  1957. 

Schmitt,  A.,  Dreyer,  F.  and  John,  C.:  At  least  three  sequential 
steps  are  involved  in  the  tetanus  toxin-induced  block,  of 
neuromuscular  transmission.  Naunyn-Schmiedeberg ' s  Arch. 
Pharmacol.  317:326-330,  1981. 

Simpson,  L.L.:  Kinetic  studies  on  the  interaction  between 
botulinum  toxin  type  A  and  the  cholinergic  neuromuscular 
junction.  J.  Pharmacol.  Exp.  Ther.  212:16-21,  1980. 

Simpson,  L.L.  :  The  origin,  structure  and  pharmacological 
activity  of  botulinum  toxin.  Pharmacol.  Rev.  33:155-188, 

1981. 

Simpson,  L..  L.  :  The  interaction  between  aminoauinolines  and 
presynaptically  acting  neurotoxins.  J.  Pharmacol.  Exp.  Ther. 
222:43-48,  1982. 

Simpson,  L.L.:  Ammonium  chloride  and  methylamine  hydrochloride 
antagonize  clostridial  neurotcxins.  J.  Pharmacol.  Exp.  Ther. 

{ in  press ) . 

Simpson,  L. L.  :  Fragment  C  of  tetanus  toxin  antagonizes  the 
neuromuscular  blocking  properties  of  native  tetanus  toxin. 

J.  Pharmacol.  Exp.  Ther.  (in  press). 

Simpson,  L.L.  and  DasGupta,  B.R. :  Botulinum  neurotoxin  type 
E:  Studies  on  mechanism  of  action  and  on  structure-activity 
relationships.  J.  Pharmacol.  Exp.  Ther.  224:135-140,  1983. 

Simpson,  L.L.  and  Rapport,  M.M.:  The  binding  of  botulinum 

toxin  to  membrane  lipids:  Sph  i  ngol  i  p  ids  ,  steroids  and.  fatty 
acids.  J.  Neurochem.  18:1751-1759,  1971. 

Sugiyama,  H.:  Clostridium  botulinum  neurotoxin.  Microbiol. 

Rev.  44:419-448,  1930. 


-23- 


Syuto,  B.  and  Kubo,  S.:  Isolation  and  molecular  size  of 
Clostridium  botulinum  type  C  toxin.  Appl .  Environ.  Micro¬ 
biol.  33:400-405,  1977. 

Syuto,  B.  and  Kubo,  S. :  Separation  and  characterization  of 
heavy  and  light  chains  from  Clostridium  botulinum  type  C 
toxin  and  their  reconstruction.  J.  Biol.  Chem.  256:3712- 
3717  ,  .1981. 

Thesleff,  S.  :  Supersensitivity  of  skeletal  muscle  produced' 
by  botulinum  toxin.  J.  Physiol.  (Lond.)  151:598-607,  1960. 

van  Heyningen,  W.E.:  Gangliosides  as  membrane  receptors  for 
tetanus  toxin,  cholera  toxin  and  serotonin.  Nature  249: 
415-417,  1974. 

van  Heyningen,  W.E.:  Tentative  identification  of  the  tetanus 
toxin  receptor  in  nervous  tissue.  J.  gen.  Microbiol.  20: 
310-320,  1959. 

van  Heyningen,  W.E.  and  Miller,  P.A. :  The  fixation  of  tetanus 
toxin  by  gangliosides.  J.  gen.  Microbiol.  24:107-119,  1961. 

Weber,  K.  and  Osborn,  M. :  The  reliability  of  molecular  weight 
determination  by  dodecyl  sulfate-polyacrylamide  gel  electro¬ 
phoresis.  J.  Biol.  Chem.  244:4406-4412,  1969. 

Wellhdner,  H.-H.:  Tetanus  neurotoxin.  Rev.  Physiol.  Biochem. 
Pharmacol.  93:1-68,  1982. 

Williams,  R.S.,  Tse ,  C.-K.,  Dolly,  J.O.,  Hambleton,  F.  and 
Melling,  J.:  Radioiodinat ion  of  botulinum  neurotoxin  type 
A  with  retention  of  biological  activity  and  its  binding 
to  brain  synaptc somes .  Eur.  J.  Biochem.  131:437-445,  1983. 

Yavin,  £.,  Yavin,  Z.,  Habig,  W.H.,  Hardegree,  M.C.  and  Kohn , 
L.D.:  Tetanus  toxin  association  with  developing  neuronal 
cell  cultures:  Kinetic  parameters  and  evidence  for  ganglio- 
s ide-mediated  internalization.  J.  Biol.  Chem.  256:7014- 
7022,  1981. 


i 


-24- 


7.  Distribution  List 


12  Copies:  Director 

Walter  Reed  Army  Institute  of  Research 
ATTN:  SGHD-UMZ-C 

Walter  Reed  Army  Medical  Center 
Washington.,  DC  20012 

4  Copies:  Commander 

US  Army  Medical  Research  and  Development 
Command 

ATTN:  SGRD-RMS 
Fort  Detrick 
Frederick,  MD  21701 

12  Copies:  Administrator 

Defense  Technical  Information  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria,  VA  22314 


1  Copy:  Commandant 

Academy  of  Health  Sciences,  US  Army 
ATTN:  AHS-CDM 

Fort  Sam  Houston,  TX  78234 


1  Copy:  Dean,  School  of  Medicine 

Uniformed  Services  University 
of  Health  Sciences 
4301  Jones  Bridge  Road 
Bethesda,  MD  20014 


>>  V>  vv*|  r  /  f. 


